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Abstract: High repetition-rate X-ray free-electron lasers (XFELs) enable the study of fast dynamics on
microsecond time scales. Split-delay lines (SDLs) further bring the time scale down to femtoseconds
by splitting and delaying the XFEL pulses. Crystals and multilayers are two common types of
optical elements in SDLs, offering either long delay ranges or high temporal accuracy. In this work,
we introduce the design of a hybrid SDL for the coherent diffraction endstation of Shanghai High
Repetition Rate XFEL and Extreme Light Facility (SHINE). It uses crystals for the first branch and
multilayers for the second one, thus simultaneously offering a relatively long delay range and high
temporal accuracy. Moreover, a third branch can be installed to switch the SDL to the all-crystal
configuration for longer delay ranges.

Keywords: XFEL; split-delay line; XPCS; hybrid; wavefront propagation

1. Introduction

Hard X-ray free-electron lasers (XFELs) provide ultra-short, ultra-bright, and highly
coherent X-ray pulses in the hard X-ray regime [1]. Among them, high repetition-rate
facilities such as the European XFEL enable the study of fast dynamics on microsecond time
scales [2]. Split-delay lines (SDLs) can further bring the time scale down to femtoseconds by
splitting and delaying the XFEL pulses [3]. Moreover, SDLs can be used as autocorrelators
to characterize the coherence properties [4,5]. There are two common types of optical
elements for SDLs, namely crystals and multilayers [6,7]. Crystal-based SDLs offer up-to-
nanosecond delay ranges [8,9], but relatively low accuracy. In contrast, multilayer-based
SDLs offer sub-femtosecond temporal accuracy but limited delay ranges [10].

Shanghai High Repetition Rate XFEL and Extreme Light Facility (SHINE) is the first
hard X-ray XFEL project in China. It will employ a superconducting LINAC to produce
ultrashort XFEL pulses at 1 MHz continuously [11]. The coherent diffraction endstation
(CDE) at SHINE aims at ultrafast dynamics using scattering and imaging methods such
as X-ray photon correlation spectroscopy (XPCS) and coherent diffractive imaging (CDI).
An SDL system is required to probe sub-microsecond dynamics using methods such as
split-delay XPCS [3] and sequential imaging [12]. Here we report the design of a hybrid
SDL, which uses crystals for the first branch and multilayers for the second, featuring
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a relatively long delay range and high accuracy simultaneously. Thanks to the vertical
polarization of the beamline, the hybrid SDL will adopt a horizontal layout. Therefore, it is
possible to install a third branch and switch to the all-crystal configuration when longer
delays are desired.

2. Conceptual Design
2.1. Beamline and SDL Design

As shown in Figure 1a, focusing is achieved by two sets of compound refractive lenses
(CRLs). Between the CRLs, a retractable monochromator composed of 4 Si111 crystals is
installed. The SDL locates 23.5 m downstream CRL2 and 4 m upstream the focus. In the
early phase of operation, the beamline will deliver 10–15 keV pulses, which is also the main
operating range of the SDL.
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Figure 1. (a) Beamline layout of the CDE endstation. CRL1 is used to collimate the beam and CRL2
to focus the beam. The retractable monochromator is composed of 4 Si111 crystals. (b) Top-view
illustration of the hybrid SDL. BS denotes the beam splitter, BM the beam merger, C1–C6 crystals,
M1–M2 multilayers, BS2 the spare beam splitter, and BM2 the spare beam merger. The dashed lines
denote the beam path of the optional third branch. All stages (circular region) can slide along the
guide rails (shadowed region).

Due to the difficulty in the fabrication of high-quality thin crystals, and the thermal
deformation at high heat load [8], the hybrid SDL uses the wavefront splitting scheme to
split the beam. As shown in Figure 1b, the entire system lies horizontally on an optical
table (the x–z plane). The multilayer beam splitter (BS) splits the XFEL pulses vertically
into two sub-pulses (in the y-direction). For this purpose, the effective part of the BS and
BM are half as tall as that of the others. After BM, the sub-pulses travel either via the
first branch composed of 4 silicon crystals (C1–C4) or the second branch composed of two
multilayers (M1–M2). Their path length can be varied by sliding the stages (circular region)
along the guide rails (shadowed paths), or by moving the stages via their x- and z-freedom.
Eventually, the sub-pulses are merged by the multilayer beam merger (BM).

The hybrid SDL employs a horizontal layout due to the vertical polarization of the
beamline, which is the same as that of the HXU at LCLS-II [8]. This enables additional
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branches alongside the existing ones. Specifically, a third branch (the dashed path in
Figure 1b) composed of 4 crystals will be installed. When longer delays are desired, the
SDL can operate in the all-crystal configuration using the first and the third branch. To this
end, the multilayer-based BS and BM will be replaced by the crystal-based BS2 and BM2.

2.2. Crystals and Multilayers

Si111 crystals and W/B4C multilayers with a periodicity of 1.96 nm are selected for
the hybrid SDL [10]. This combination ensures an acceptable minimum delay, as shown
in the next section. Another reason for Si111 is its relatively large bandwidth, allowing
for shorter pulses compared with higher-index Si such as Si220 and Si311. Due to the
Fourier-transform limit, at 10 keV the XFEL pulses are longer than 1.40 fs for Si111, 3.18 fs
for Si220, and 6.75 fs for Si311. To obtain sub-femtosecond resolution, one can either retract
C1 and C4 to allow the upper sub-pulses to pass directly or implement an all-multilayer
configuration. The latter is one of our future tasks. In both cases, the monochromator shall
be retracted.

The effective surface area of the crystals is 25 mm × 5 mm (H × V), whereas that of
the multilayers is 50 mm × 5 mm. Both of them largely exceed the footprint size of the
beam on them at 10–15 keV.

The expected roughness of the crystals is about 2 Å, whereas that of the multilayers is
about 3 Å. The resulting overall transmission at 10 keV is about 47% for crystals and 11%
for multilayers. Therefore, a solid attenuator is implemented in the first branch to obtain
sub-pulses of comparable flux.

2.3. The Delay Range

Below we calculate the delay range using the geometry in the literature assuming
an infinitely-narrow beam [13]. The path length difference is obtained by subtracting the
longitudinal length from the beam path length for each branch. The maximum delay is
calculated by

τmax =
(1.6 m − 0.2 m)×

(
1

cos 2θC
− 1

)
− 1.7 m ×

(
1

cos 2θM
− 1

)
c

(1)

where 1.6 m is the maximum distance between C1 and C4, 0.2 m the minimum distance
between C2 and C3, 1.7 m the minimum distance between BS and BM, θC the Bragg angle
of crystals, θM the Bragg angle of multilayers, c the speed of light. The minimum delay is
calculated by

τmin =

2 mm
sinθC

× (1 − cos 2θC)× 2 − 2 m ×
(

1
cos 2θM

− 1
)

c
(2)

where 2 mm is the minimum surface distance between C1 and C2 (also C3 and C4), and
2 m the maximum distance between BS and BM.

Figure 2 shows the calculated maximum and minimum delays of the SDL in the
photon energy range of 10–15 keV. As expected, both τmax and τmin decrease with the
photon energy. At 10 keV we obtain τmax ≈ 384 ps and at 15 keV we obtain τmax ≈ 163 ps,
which shall be sufficient for most split-delay experiments [14–16]. In contrast, τmin is
rather limited but still workable. Both τmax and τmin can be increased by switching to the
all-crystal configuration.
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2.4. The Temporal Accuracy

One of the advantages of this hybrid design is the high temporal accuracy. Under good
surface alignment and high stability [13,17], it is determined by the translational motion
accuracy along the beam [6,10]. It equals ∆L/ sin 2θC for crystals and ∆L/ sin 2θM for
multilayers, where ∆L ≤ ±1 µm is the translational accuracy in the x- and z-directions [9].
For an infinitely narrow beam, the temporal accuracy can be calculated by

∆τC =
2 × ∆L

sin 2θC
× (1 − cos 2θC)

c
(3)

for crystals, and

∆τM =
2 × ∆L

sin 2θM
× (1 − cos 2θM)

c
(4)

for multilayers. At 10 keV, ∆τC ≤ 1.34 fs and ∆τM ≤ 0.21 fs. At higher photon energies,
higher temporal accuracy is expected. The temporal accuracy of crystals shall be sufficient
for experiments requiring long pulses or long delays. When performing split-delay in
the low-charge (short-pulse) mode [14,18], the temporal accuracy of multilayers is highly
advantageous.

2.5. Beam Overlapping

In the wavefront splitting scheme, there is a small gap between the sub-pulses due to
knife-edge diffraction from the edges of the BM and BS [19]. Full overlap can be achieved
either by focusing or by slightly tuning the crystals/multilayers [10,19]. At CDE, the
focusing elements ensure the overlap at the focus but not at other positions.

Tuning the multilayers can be performed in a large angular range due to its large
Darwin width (488.69 µrad at 10 keV). This helps to fully overlap the beam at multiple
positions rather than only at the focus. Likewise, non-collinear merging can be achieved
without additional mirrors [9].

3. Technical Design
3.1. System Layout

As illustrated in Figure 3, the multilayers and crystals are mounted on 5-axis motor
stages, which provide x, y, z, pitch, and roll freedom. All stages can slide along the guide
rails. In addition, the C2 and C3 stages can slide in the x-direction via cross guide rails.
The linear motion of the multilayers in the x-direction is provided by the x-axis freedom
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of the stages with an expected travel range of 30 mm, corresponding to a path length of
about 0.5 m. All components will be hosted in a vacuum enclosure, which is supported
separately from the optical table.
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Figure 3. Illustrative mechanical layout of the hybrid SDL system. Colored lines are the paths of the
(sub)pulses. The orange blocks illustrate the effective parts of the multilayers. Green blocks illustrate
the effective parts of the crystals. The monitors and the attenuator are not shown for clarity. The
black scale bar denotes 100 mm.

3.2. The Si Crystals

For acceptable negative delays, the minimum surface distance of C1–C2 and C3–C4
shall be less than 2 mm. To this end, a special design is applied to C1, C2, C3, and C4,
similar to the channel-cut crystals of the SDL at LCLS [20]. In both designs, the base crystals
stick out and the effective parts (shown in green in Figure 4) extrude from the base crystals.
In this way, the collision of the motor stages no longer hinders the approaching of crystals.

3.3. The Heat Load

At 10 keV and 1 MHz in the high-charge mode with the monochromator employed,
the expected maximum heat load at the BS is about 12 W, and that at C1 is about 6 W. The
heat load will be about 5 times higher when the monochromator is retracted (pink beam).
Therefore, the SDL cannot run at full power without cooling. In the early phase of operation,
the effective pulse number and/or the effective repetition rate shall be constrained [21],
such that significant thermal effects can be avoided. In the long run, a cooling system shall
be implemented, for which the mechanical stability of the optics must be carefully assessed.
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Figure 4. Illustrative mechanical layout of the C1 and C2 stages in the state of minimum surface
distance. Green blocks illustrate the effective parts of the crystals. The blue lines above illustrate
the beam path. The SMARACT Modular System is used for illustration. The black scale bar denotes
10 mm.

4. Wavefront Propagation Simulation

Performance of the hybrid SDL was evaluated by the front-to-end simulation. For this
purpose, wavefront propagation was performed using the SRW software package [22]. A
self-coded python script merged the intensity and phase maps of both sub-pulses exported
from SRW. Figure 5a shows the simulated beam profile on the plane 0.1 m downstream
the SDL and 1.9 m upstream the focus. The edge diffraction fringes from the edges of BM
and BS appear in both sub-pulses, leading to a gap between them [19]. The fringes in the
upper part are stronger due to the higher transmission of crystals. The attenuator shall be
inserted when equal sub-pulse energies are desired.
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Figure 5b shows the simulated beam profile on the focus plane when the attenuator is
employed. The Gaussian profile indicates a good overlap of the sub-pulses. No interference
between sub-pulses is visible due to the large interference spacing (about 5 µm) [17].
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5. Discussion

SDLs are powerful tools to explore ultrafast dynamics on sub-microsecond scales at
XFELs. Therefore, an SDL is designed for the CDE endstation of SHINE, which mainly
operates in the photon energy range of 10–15 keV. It will use Si111 crystals for the first
branch and W/B4C multilayers for the second. The motivation of this hybrid design
is to simultaneously provide a relatively long delay range and high temporal accuracy.
Calculations show that the current design offers a delay range from −8 to 384 ps and the
temporal accuracy better than 0.21 fs at 10 keV. Such a delay range is sufficient for most
split-delay experiments [14–16], and the temporal accuracy is highly advantageous to those
working in the low-charge mode [14,18]. Other essential technical aspects such as beam
overlapping and the heat load are carefully considered. Wavefront propagation simulation
further demonstrates the performance of the hybrid SDL [10,22]. Off the focus plane, the
sub-pulses are separated by a small gap due to edge diffraction. On the focus plane, the
sub-pulses largely overlap, resulting in a Gaussian profile.

Currently, most SDLs for hard X-ray XFELs are based on crystals [6,8,9,13], which offer
delay ranges up to several nanoseconds. However, the temporal accuracy of crystal-based
SDLs is limited to several femtoseconds due to the large diffraction angles. Moreover,
crystals do not allow for attosecond pulses due to the Fourier-transform limit. Therefore, it
is preferred to use multilayers for (sub-)femtosecond split-delay experiments. Multilayers
provide small diffraction angles and larger bandwidth, thus enabling (sub-)femtosecond
split and delay. This design has been successfully implemented at FLASH and is under
development for the HED endstation at the European XFEL [10,17]. Our hybrid design
is expected to integrate their advantages. Moreover, the hybrid SDL adopts a horizontal
layout due to the vertical polarization. It is thus possible to install a third branch and switch
to an all-crystal configuration for longer delays.

6. Conclusions

In this work, the design of a hybrid SDL designed for the CDE endstation of SHINE is
introduced. By combing Si111 crystals and W/B4C multilayers, both a relatively long delay
range and high temporal accuracy are available. Moreover, longer ranges can be achieved
by switching to the all-crystal design using the first and the third branch. Its performance
is demonstrated by wavefront propagation simulation.

In terms of future work, other critical components such as the cooling system, the
laser interferometer system, and an optional all-multilayer configuration shall be carefully
considered. The cooling system would enable higher-power operation, the laser interfer-
ometer would enable higher accuracy, and the all-multilayer configuration would enable
sub-femtosecond split-delay.
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